ics docking, (b) in-site combinatorial search, (c) ligand build-up, and (d) site mapping and fragment assembly. The use of empirical free en ergy as a target function is discussed. Due to the rapid development of the methodology, most new methods have been tested on only a limited number of applications and are likely to improve results ob tained by more traditional computational or graphic tools.
INTRODUCTION
A critical factor in virtually all biological processes is the specificity of ligands for larger proteins, such as membrane-bound receptors, or enzymes. Ligands may be flexible; for example, neurotransmitters, in hibitors, and cofactors are often small flexible organic molecules. Many hormones and antigens are small or intermediate-size polypeptides. A predictive understanding of the molecular basis of recognition, which would encompass the ability to design ligands that bind specific recep tors and to predict the change in stability caused by site-specific substi tutions, is central to developing rational drug-and vaccine-design strategies as well as to elucidating normal and pathological cellular behavior.
Here, we analyze aspects of computational approaches to the dock ing of flexible molecules to proteins, as well as to the design of oligopep tides and other flexible ligands that would bind with high affinity to a specified receptor site. Design means either determining the chemical composition of a ligand with desired binding properties (e. g. the amino acid sequence of an oligopeptide) or, in a somewhat more restrictive sense, ranking a given set of ligands according to their binding affinities. Docking means determining the geometry of a receptor-ligand complex using the structure of the free receptor.
In general, accurate approaches to docking and design require progress on two major problems: finding a target function (in the most general case, a computationally viable free energy-evaluation model) that can accurately weight any specified conformation of the system and developing an algorithm that efficiently searches a complex energy landscape for the target function's minimum value.
In spite of the complexity of these problems, several experimental systems allow simplifying approximations in the computations. In the simplest systems, the geometries of the reactants remain, to a good first approximation, unchanged by complex formation (2, 16, 34, 40, 51 , 52) . In such rigid-body systems, an algorithm need only search the six-dimensional rotational/transitional space and can generally make effective predictions with simplified target functions. Because execu tion time is relatively rapid, these methods can be used to search large structural databases for small molecules that fit the binding site and that can serve as lead compounds for drug design (1, 39, 63, 71) .
The rigid-body approach has limited uses, except in the search for small compounds. In almost all test cases, docking accuracy is much greater when one uses the geometries that the receptor and ligand have in the complex than when one uses the geometries of the uncomplexed molecules (70) . The difference in accuracy implies that the assumption of rigidity is not fully valid even for protein-protein complexes in which the observed structural changes between the bound and free forms are small (77) . In addition, simple scoring functions, such as measures of surface complementarity (34, 84) , surface-area burial (85) , solvation free energy, electrostatic-interaction energy, or the total molecular mechanics energy (70) , often fail to distinguish between near-native structures and others far from native. Hence, simple methods, though useful, are incomplete.
In the past few years, several groups have tried to improve docking procedures by allowing for flexibility. Introducing local minimization of a molecular-mechanics energy function such as CHARMm (7) yields only limited improvement. A general approach to flexible docking re quires an unbiased sampling of the allowed conformational space of the ligand and a concurrent exploration of its six rigid-body degrees of freedom in the anisotropic environment of the receptor. This goal is difficult to achieve using traditional approaches, except perhaps for very small ligands (6 8) . We review several flexible-docking and -design strategies for reducing computational efforts by fully exploiting the available structural and chemical information. Although most of the methods reviewed apply to any flexible ligand, we concentrate on pep tides and peptide-like compounds that play a major role in many biologi cal systems (49) .
The success of docking depends heavily on the choice of a target function that accounts for the enthalpic, entropic, and solvation interac tions that govern ligand-receptor association. The scoring is critical in design, in which the entropy loss of a flexible ligand, and the change in its internal energy upon binding, can greatly affect the binding affin ity. In principle, free-energy perturbation (FEP) or thermodynamic integration (TI) methods should permit accurate determination of the effects of mutagenesis on a receptor-ligand complex (35, 37, 54) . In practice, however, such relatively rigorous procedures are computa tionally intensive and are not likely to be useful in docking or design for at least another five to ten years. The alternative approach to deter mining free energy is to use empirical functions (31, 58, 60) , several of which are reviewed here.
PROBLEMS REQUIRING THE USE OF FLEXIBLE METHODS

Design of Protease Inhibitors
OVERVIEW Protein cleavage is a ubiquitous aspect of biological pro cesses: for example, the digestion of food, the control of blood pres sure, and the activation of many proteins from precursors all require cutting, often at specific locations, of covalent bonds. The enzymes that carry out these diverse cleavage processes are collectively referred to as proteases. Errors in the production or regulation of any number of these enzymes cause serious pathologies. Protease inhibitors can be potential drugs (such as the HIV aspartic protease inhibitor), or investigative tools to elucidate the function of specific proteases.
INHIBITOR DESIGN The design of high-affinity inhibitors for many pro teases has been accomplished already because the enzymatic mecha nisms of these families of enzymes are well understood and many deriv atives of natural inhibitors have proven to be potent inhibitors. For serine proteases, the existence of a structural binding motif (Figure 1 ), found in all the small inhibitors of this family (5), may simplify the search for possible inhibitor conformations. The major obstacle to uti lizing these inhibitors for therapeutic purposes is specificity. The major- ity of known protease inhibitors are not specific for a single protease but rather inhibit, to varying levels, several proteases from a given family. Because the naturally occurring protease inhibitors are proteins, one obvious approach to inhibitor design is to modify a segment of the inhibitor that is implicated in binding. Peptide inhibitors can occasion ally be used directly for therapeutic purposes-for example, topical application of peptide-based inhibitors of proteases blocks parasite pen etration through the skin (12) . However, they more often serve as first generation compounds that can be transformed into peptidomimetic inhibitors resistant to proteolysis.
Peptide Binding to Major Histocompatibility Complex Receptors
OVERVIEW The ability to discriminate foreign from self, the major role of the immune system, is regulated mainly by the major histocompatibil ity complex (MHC) receptors. These comprise a highly polymorphic set of glycoproteins that bind and display fragments of intracellular proteins on the cell surface, thereby informing other components of the immune system of the protein composition within the cell. The two major classes of MHC receptors, I and II, have highly similar struc tures. In both, the antigenic binding site-a cleft approximately 20 A long, 8 A deep, and 12 A wide-is formed by a {3-sheet floor bounded by a-helical walls. Variations in the amino acids that line the cleft modu late both its shape and chemical nature, thus determining haplotype specificity.
Class I molecules are found on all nucleated cells, displaying 8-to 10-residue-long fragments of cytosolic proteins. In infected cells, a certain fraction of these fragments will have originated in proteins that are not native to the host, thus presenting a foreign molecular arrangement recognized by T-cell receptors (TCR) on CD8+ cytotoxic T lympho cytes. This recognition stimulates, among other things, the release of cytolytic agents that mediate lysis of the infected cell. Class II products are generally confined to cells of the immune system, such as B cells, macrophages, and other dendritic cells. The pathway leading to the presentation of class II receptors on B cells consists of protein recogni tion by immunoglobulin receptors, followed by endocytosis of the anti gen-receptor complex, proteolysis of the antigen, and recycling of 13-to 15-residue-Iong fragments complexed with class II molecules to the surface. These peptide-MHC complexes, when recognized by the TCR of CD4 + helper T cells, stimulate production of the various lympho kines that regulate a humoral (antibody) immune response.
In contrast to its numerous immunoglobulin receptors and TCRs, the immune system has few MHC haplotypes. To elicit an immune re sponse against the many possible pathogens, each haplotype must be able to bind many different peptides.
VACCINE DESIGN The central role of MHC-peptide complexes in com municating the health of the cell to TCRs suggests that a predictive understanding of their structure could contribute substantially to progress in applied, as well as in basic, immunological research. Of particular therapeutic and prophylactic importance is the ability to de sign peptides with desired MHC and TCR specificities. One of th e cen tral complications in designing a peptide vaccine is MHC gene polymor phism. Different individuals, even when infected with an identical virus, will generally present different peptide fragments of the antigen. Any attempt to design a peptide vaccine must account for the various MHC haplotypes in the population of interest.
Several studies on HIV have reported a correlation between specific MHC class I alleles and either fast (33) or slow (76) progression of AIDS, which suggests an important role for a cell-mediated immune response. The induction of a strong antibody response may weaken a cell-mediated response caused by the effects of cross-regulatory cyto kines, and therefore an effective vaccine strategy may need to specifi cally target cell-mediated immunity without eliciting neutralizing anti bodies.
SEQUENCE AND STRUCTURAL MOTIFS
In peptides that bind a particular MHC haplotype, one or two positions (so-called anchors) tend to be occupied by one or a few specific residues, whereas the other positions tend to permit a relatively high degree of substitution (22, 23) . However, the anchor residues are neither sufficient nor always necessary for binding.
Crystallographic studies (24, 47, 48, 72) have shown that class I-bound peptides are relatively extended, with a kink at or near position 3. Although the various peptide structures can be juxtaposed so that their terminal residues are closely aligned at both ends, their backbone conformations and side-chain orientations can differ substantially (Fig  ure 2) . Nevertheless, docking peptides to class I receptors is easier than flexible docking in general, because the known structural motif substantially constrains the translational and rotational search space.
The only class II complex that has been crystallized displays a fully extended, twisted peptide conformation (74) . Several biochemical stud- ies have suggested that class II-bound peptides share a common three dimensional structure (50, 61) ,
METHODS OF DOCKING AND DESIGN
Docking encompasses a variety of different problems. The prediction of the optimum location of a ligand and its free energy of binding would ideally emerge from the crystal structure of the unliganded macromole cule without any a priori restrictions on the structure of the ligand. In practice, computations have been restricted to systems that allow var ious simplifications.
We assume that the binding sites, structural motifs of bound ligands, and structural variations within a given class of complexes are known, as in the proteases and MHC molecules as targets. Although this infor mation significantly reduces the translational space that must be ex plored, ligand flexibility introduces substantial complications. Al though the structure of the class I MHC has been known since 1987 (3), not even an approximate structure was predicted for the bound peptide, despite several attempts (II, 64), before a high resolution X-ray structure of an MHC-peptide complex was obtained (47) .
From Rigid to Flexible Algorithms
Rigid-body docking contributed to the development of the following computational concepts that play important roles in flexible docking and design: (a) shape descriptors, (b) grid-based energy evaluation, (c) soft potentials, (d) local minimization, and (e) multiple-copy tech niques. We discuss these concepts in turn.
SHAPE DESCRIPTORS Shape descriptors consist of a relatively small number of characteristic points on the surfaces of the two molecules in a complex (69) . One can search for the docked conformations by optimally superimposing or matching these points, which is computa tionally more efficient than matching two molecular surfaces, each de fined by hundreds of atoms. In the DOCK program (16, 40) , a set of spheres represents the negative image of the receptor, and a fast sphere matching algorithm docks candidate ligands from a shape database. Katchalski-Katzir and coworkers (34) use three-dimensional discrete functions that distinguish between the surface and the interior of pro teins. A correlation function is calculated to assess the extent of geo metric match between surfaces of the molecules.
Shape complementarity alone is a poor target function that frequently fails to distinguish near-native complex conformations from ones that have a different structure but relatively good complementarity (70) . Therefore, the concept of shape descriptors has been extended by re quiring pairwise interactions. In the directed version of DOCK, a hy drogen-bonding parameter is introduced (43 (62) use a full molecular-mechanics interaction potential, but only among relatively few fiducial atoms. Shape descrip tors are used for docking molecular fragments in flexible docking pro grams such as GRID (26), LUDI (6), and CLIX (41) (see below).
GRID-BASED ENERGY EVALUATION
A scoring scheme that accounts for electrostatic and van der Waals interactions as well as solvation effects generally improves accuracy of the docking and reduces the number of false positive solutions, i.e. complex structures that differ from the native (70) . However, the use of more realistic potential function in creases computational costs. These can be reduced by precomputing terms in the potential of the rigid receptor for each point on a three-dimensional grid (26, 27) . Any target function in which the ligand and receptor terms are separable can be treated in this manner. The ap proach can be combined with the use of shape descriptors (32, 52) . Although grid-based energy evaluation applies to rigid receptors only, ligand energy values are not precomputed and hence the ligand can be flexible (27) .
SOFT POTENTIALS
Soft potentials are target functions that allow for some penetration of the protein surfaces being matched. Even the most rigid proteins undergo some changes when interacting with another molecule. Thus, rigid docking procedures frequently rank near-native conformations after structures that are far from the native, and a more realistic potential function does not necessarily improve performance. One way to address this difficulty is to use an artificial soft potential (2, 32, 62, 84, 88) . Soft potentials can and have been used in conjunction with both shape descriptors and grid-based energy evaluations. Soften ing of the potential is also beneficial in flexible docking procedures.
LOCAL MINIMIZATION
Another way of introducing limited flexibility in volves local minimization. Rigid-body docking with six degrees of free dom is augmented by local energy minimization in the space of N addi tional continuous variables that describe the conformation of either the ligand only, or both the ligand and receptor (70) . The score function in these procedures is usually the potential energy of the complex, based on a molecular-mechanics energy function such as CHARMm (7) . Local minimization can be combined both with shape descriptors and soft potentials and also with grid-based energy evaluation if the receptor structure is kept rigid. Although minimization leads to some conformational changes, it yields results that depend heavily on the starting ligand conformation, and hence the method does not qualify as truly flexible docking (68).
MULTIPLE-COPY TECHNIQUES
Several methods use numerous ligand copies, each transparent to the others but subject to the full force of the receptor, to determine energetically favorable positions and orienta tions of small molecules or functional groups in the binding site of a protein (21, 55, 65) . Although the multiple-copy, simultaneous-search (MCSS) method was originally proposed in the context of a rigid recep tor (55) , it was extended recently to allow for ligand and receptor flexi bility (65) . In this latter case, several ligand copies and one copy of the receptor are minimized simultaneously, which substantially increases computational efficiency because the internal energy of the receptor is calculated only once for all ligand copies.
Strategies for Flexible Docking and Design
Flexible docking strategies require no a priori knowledge of the ligand conformation and hence consist of searches in the space of 6 + N trans lational, rotational, and conformational variables (11, 27, 28, 42, 88) . Such an approach becomes a necessity if there is no useful information on the conformation of the ligand, as in the case of docking short linear peptides. Because flexible design relies heavily on flexible docking pro cedures, the two problems can be discussed simultaneously.
Four different strategies are currently in use for docking flexible lig ands: (a) Monte Carlo or molecular-dynamics docking of complete mol ecules, (b) in-site combinatorial search, (c) ligand buildup, and (d) site mapping and fragment assembly. Some of the recent docking and design procedures combine several of these strategies. Although the same ideas are also important in pharmacophore-matching programs such as ALLADIN (81) , CATALIST (73) , and FOUNDATION (30), we re strict our discussion to docking and design for receptors with known three-dimensional structures.
DOCKING BY MONTE CARLO OR MOLECULAR-DYNAMICS METHODS
The number of possible conformations increases exponentially with the con formational degrees of freedom, N. One way to avoid this combinatorial explosion is to sample the 6 + N dimensional space by using Monte Carlo or molecular-dynamics simulations. Monte Carlo methods ex plore the thermodynamically accessible states of a system by generating small random changes that are either accepted or rejected according to the Metropolis algorithm (53). The probability of accepting steps that increase the energy depends on a temperature-like parameter T, which can be decreased according to a schedule known as simulated annealing (36) . This popular method was first used for docking by Goodsell & Olson (27) , who allowed rotations about a single bond in each step in addition to rigid body rotations and translations. Because a grid-based energy evaluation increased the efficiency of the procedure, the recep tor was assumed to be rigid. Yue (88) used simulated annealing with a soft potential given in terms of distance constraints. Simulated annealing should, in theory, always converge to the global minimum. Guaranteeing this convergence, however, would require an infinite number of temperature decrements, at each of which the system should reach equilibrium. In practice, one can only explore a few tem peratures, and the number of equilibration steps at each temperature is also limited. Furthermore, in macromolecular applications the nu merous degrees of freedom in a Monte Carlo search limits it to only small regions of the conformational space, and the results depend on . the starting conformation. The investigator can reduce this deficiency somewhat by using the method in tandem with a coarse-grain rigid search (11, 28) or by simply repeating the analysis at various starting conformations. One can increase the relatively small acceptance ratio yielded by Monte Carlo calculations by using Monte Carlo minimiza tion, i.e. by combining each Monte Carlo step with local minimization (77) .
Molecular-dynamics techniques generally work as well as Monte Carlo methods in the simulation of macromolecules, particularly for calculating thermodynamic properties. Although molecular dynamics is efficient in exploring low-energy states, conformational changes that require the crossing of even relatively low energy barriers are extremely rare, and because of limits on simulation times the analysis is strictly local. Investigators have explored larger regions of the conformational space of free peptides (14) and protein loops (9) simply by running the simulation at artificially high temperatures. High temperatures tend to unfold the receptor, but recent modifications sidestep these unwanted effects (18) by separating the center-of-mass motion of the ligand from its internal and rotational motions and by using different thermal baths to study each type of ligand motion and to assess the receptor motion. Thus, the temperatures and the time constants of coupling to the baths can be arbitrarily varied for these three types of motion, allowing either a frozen or a flexible receptor and allowing control of search rate with out disturbing the internal structure of the receptor (i8). The new method has been applied to only a single problem, but the idea is cer tainly appealing.
With increasing degrees of freedom, both Monte Carlo and molecu lar-dynamics strategies become more unreliable, because of the re stricted sampling of the conformational space (11). Even such limited exploration is very time-consuming, and these methods are not very useful for screening large databases for suitable ligands (82) .
IN-SITE COMBINATORIAL SEARCH
The conformational space of small molecules, particularly short peptides, can be explored in discrete steps. Thus, in the conformational analysis of an oligopeptide, we as sign a conformational state to each residue from a collection of discrete states, which are usually defined as low-energy conformations of iso lated amino acids represented by points on the (</>,1/1) map (79, 80) . Assigning side chains from a table of rotamers is a similar problem (17).
The problem is finding the combination of discrete states that minimizes a target function such as the potential energy. In principle, the optimal assignment can be found by a systematic search, but the number of conformations to be explored increases exponentially with the size of the problem (e.g. the number of residues). Combinatorial optimization algorithms such as branch-and-bound (80) or dead-end elimination (17) can efficiently limit the number of conformations whose energies need to be evaluated during the search for the global minimum.
When we consider a ligand in a given orientation relative to a protein, we can perform a conformational analysis of the ligand directly in the binding site (42) and can extend the analysis to receptor side chains that interact with the ligand (42) . Because many of the conformations do not fit into the site, the search is computationally more efficient for a given ligand position than for an isolated molecule. Coupled to a search in the rotational and translational space of the ligand, the method can perform flexible docking that takes a significant portion of the re ceptor's conformational freedom into account.
LIGAND BUILDUP An efficient combinatorial strategy for solving stagewise optimization problems, known as ligand buildup (25, 79) , involves constructing conformations by sequentially adding building blocks (i.e. fragments or atoms) in various conformations to a seed (i.e. starting) molecular fragment. Building ligands directly in the binding site is a remarkably efficient flexible-docking and -design strategy. With the GROW procedure (56), one can dock and/or design peptide inhibi tors using a library of low-energy conformations of isolated amino acid residues as building blocks. The recent addition of a general template library extended this method to nonpeptide ligand design. The building blocks used in GroupBuild (66) are small functional groups such as hydroxy, carbonyl, or benzene rings. The buildup starts from a given ligand fragment or from a given position in the binding site. GenStar (67) and LEGEND (59) are buildup-type design programs that use single atoms rather than functional groups as building blocks.
Both combinatorial minimization and its special, buildup-type imple mentations are prone to combinatorial explosion, unless a large fraction of all conformations is discarded at every step according to some heuris tic considerations. However, if the heuristics are based on valid as sumptions, these approaches guarantee finding the lowest-energy struc tures available to the system, unlike random approaches such as the Monte Carlo technique.
SITE MAPPING AND FRAGMENT ASSEMBLY Goodford (26) introduced the idea of using molecular probes to map the binding site of a macromole-cule to search for energetically favorable positions. Generally, the probes are functional groups (or, in the case of peptide ligands, possibly entire amino acid residues) that are docked to a target site. In particular, GRID (26) places small fragment probes at many regularly spaced grid points within the active site and determines the most favorable scores. Thus, the different groups (water, methyl group, amine nitrogen, car boxy oxygen, and hydroxyl) are used as specialized shape descriptors in a grid-based energy evaluation, and the energy contour surfaces for the various probes delineate regions of attraction between probe and protein. The procedure is well suited to mUltiple-copy techniques (55) .
The output of GRID (and, more generally, the mapping of the recep tor) provides information on favorable positions for several functional groups. Using local minimization, one can identify a few positions for each group at which it is both sterically acceptable and is likely to interact favorably with the surrounding side chains of the receptor. The goal of fragment-assembly approaches, pioneered by Lewis & Dean (44, 45) , is to connect the individual molecular fragments into a single, viable molecule. The CLIX program (41) performs this task by screen ing a small molecular database. For each molecule, the program at tempts to make a pair of the substituent's chemical groups spatially coincide with a pair of favorable interaction sites proposed by GRID in the binding site of the protein. Some site-mapping and fragment assembly programs also make use of generalized shape descriptors. LUDI (6) positions molecular fragments into the binding site of an en zyme in such a way that hydrogen bonds with the enzyme are formed and hydrophobic pockets are filled. These fragments are then linked together with suitable spacers. The linked-fragment approach of Ver linde and coworkers (83) is somewhat more general, exploiting several properties (shape, hydrophobicity, hydrogen bonding, etc) as shape descriptors. Caflisch and coworkers (10) used MCSS to map a binding site and constructed possible ligands by building bonds to connect the various minima they found. To build the bonds, they used a simplified energy function that allowed an exhaustive search over all possible connections. In HOOK (19) , MCSS is also used in the mapping stage, but the minima are connected by means of a search through a database of molecular scaffolds for possible connectors. In docking or designing peptide ligands, the use of entire residues instead of small functional groups generally increases the specificity of mapping and restricts the necessary considerations to a relatively small number of positions in the assembly stage (65, 68) .
COMBINED STRATEGIES
Several factors promote the development of combined strategies. First, in-site ligand buildup can be made more efficient if the building blocks are favorable positions derived from site mapping, Conversely, site mapping results in numerous favorable positions and, in a design problem, in a variety of more or less equally favorable chemical groups at each position, Efforts to link such frag ments clearly can profit from the methods of combinatorial optimiza tion. Second, a hierarchical approach, the elements of which appear in almost every procedure, can increase efficiency. A hierarchical ap proach reduces the region of interest; for example, an initial rigid-body method might be used to search for a manageable number of conforma tions, which are then subjected to detailed exploration with sophisti cated strategies and more realistic target functions. Finally, combining various methods can be very efficient in particular problems. For exam ple, the end groups of peptides bound to class I MHC receptors are confined to small regions at the two ends of the site. As shown below, one can exploit this property by mapping these regions to find favorable positions for the end residues and then determining the conformation of the intervening peptide fragment by chain-closure algorithms (65, 68) based either on combinatorial search (8) or on a mUltiple copy scaling relaxation algorithm (90, 91) .
Empirical Evaluation of Binding Free Energy
The most natural score function, both in design and docking, is the free energy of binding given by !l.G = Gb -G, where G and Gb, respec tively, denote the free energies of the system before (free) and after (bound) the complex is formed. In design, the objective is to identify the ligand with the lowest attainable value of !l.G, whereas in docking, G is a constant, and hence the minimum of the binding free energy is attained at the minimum of Gb.
The established methods of free-energy evaluation by thermody namic integration or perturbation approaches through molecular-dy namics or Monte Carlo simulations are far too demanding computation ally to be used in docking or design (86) . Several empirical free-energy evaluation models have been published to overcome this limitation (31, 58, 60, 86) . In addition to a molecular-mechanics interaction energy, empirical models estimate the contributions of solvation and entropy loss. If these terms are simple enough, the model enables fast free energy evaluation and hence can serve as a target function.
Novotny and coworkers (60) calculated the free-energy change ac companying the association of two rigid molecules according to the equation
where Eel is the electrostatic interaction energy between the ligand and the receptor, AGh is the solvation free energy, and ASsc is the loss of side-chain conformational entropy. The constant term includes further entropy loss resulting from changes in rotational and translational de grees of freedom and the cratic contribution to entropy. Equation 1 does not include a van der Waals component because the protein-protein and protein-water van der Waals interactions are assumed to cancel (60) . The solvation free energy AGh is assumed to be proportional to the change in solvent-accessible surface area upon binding. The side-chain entropy loss ASsc is also calculated by taking into account the change in accessible atomic surface areas. The AG values calculated for nine endopeptidase-protein inhibitor complexes showed good agreement with experiments (38) .
Horton & Lewis (31) estimated the free energy of rigid binding by
where both solvation free-energy terms, �Gapolar and �Gpolar. are calcu lated by sums of the form used by Eisenberg & McLachlan (20) . The polar term encompasses only atoms that are involved in hydrogen bonds and salt bridges; all other atoms contribute to the apolar term.
The coefficients a and f3 are dimensionless parameters determined by fitting Equation 2 to binding free energies measured in 15 rigid-body complexes (31) . On the basis of general relationships in the thermody namics of protein folding (57), Murphy and coworkers described the structural energetics of angiotensin binding (58) with a similar expres sion that, in addition to a constant, consists of terms that depend on polar and apolar surface areas. Whereas Equation I can be derived from the general expression AG = AE -lAS by considering the energy and entropy differences be tween bound and free states and using several simplifying assumptions, the model of Horton & Lewis (Equation 2) is completely empirical. Furthermore, the two expressions differ strongly, because of the Cou lombic term Eel in Equation 1. However, in analyzing high-resolution X-ray structures of protein complexes, we found that the electrostatic interaction energy Eel can be accurately described as a linear combina tion of polar and apolar surface areas, probably because surface charges dominate the interaction energy (80a). Thus, the two free-energy expressions are, in fact, very similar.
Equations 1 and 2 assume that both the receptor and the ligand are rigid, but this is clearly a very poor approximation for many ligands, such as short peptides. The flexibility of the ligand has two conse quences: Neither (a) the conformational (internal) energy change of the ligand, llE, nor (b) the loss of conformational entropy upon binding are negligible. Because the free ligand adopts many different conforma tions, one needs to calculate the average energy change (!:lE). The sol vation free-energy change !:lGh also depends on the conformation of the free ligand, and hence in Equation 1 it should be replaced by the ensemble average (!:lGh) (80a). For peptides, the equation must account for the backbone entropy loss llSbb, which can be estimated by an empirical method such as conformational filtering (78) . Thus, the free energy of binding of a flexible ligand is calculated by
3.
Because (Eel) and (ilGh) are averages over the ensemble of free ligand conformations, the evaluation of Equation 3 is far from simple.
Verlinde & HoI (82) recently formulated the most important qualita tive rules for the design of high-affinity ligands as follows: (a) The steric and electrostatic complementarity should be excellent; (b) a fair amount of hydrophobic surface should be buried in the complex; and (c) sub stantial conformational rigidity of the ligand is required to reduce the entropy loss upon binding. The terms in Equation 1 and 3 are in good agreement with these rules. The only difference is that, because of the lack of the van der Waals term, the equations do not measure steric complementarity. In fact, the simplified model assumes good packing of both protein-ligand and protein-solvent interfaces, and hence all steric clashes have to be removed before the free-energy evaluation, e.g. by subjecting the complex to local energy minimization using a traditional molecular-mechanics potential function.
APPLICATIONS OF FLEXIBLE METHODS: CURRENT STATUS
Design of Protease Inhil1itors
In each of the major families of proteases, the active site exhibits a high degree of structural conservation. Because the three-dimensional structure of at least one member of each of these families has been determined, attempts to design inhibitors for a protease whose structure is unknown can start by predicting the structure of the protease q., means of homologous extension. The first successful study of this kin� was the design of antihypertensive drugs-inhibitors of renin and,the angiotensin-converting enzyme. The first inhibitors designed for renin, an aspartic protease, si.nply incorporated the naturally occurring, small-molecule inhibitor ;>f this enzyme, statin, into an octapeptide from its natural substrate, angioten sinogen. The resulting inhibitor was improved by building a model of the protease through homologous extension, by using molecular graph ics to dock the inhibitor, and by creating more potent derivatives by means of chemical intuition (4) . A similar approach (13) yielded a potent inhibitor for angiotensin-converting enzyme, a zinc protease whose structure is unknown. This inhibitor is widely used as the antihyperten sive drug Captopril. A recent study showed that this compound is highly flexible in its free state (46) , and its success as a drug demonstrates that protease inhibitors can be designed using traditional tools. However, Hassall and coworkers (29) later addressed the issue of flexibility and successfully increased Captopril's potency. They fit a model of the molecule, which they considered to have two freely rotatable bonds, to the known structure of the thermolysin active site, and determined its most likely conformation using molecular graphics. They designed a bicyc1ic derivative based on this conformation, thereby abolishing freedom of rotation about the two rotatable bonds and imposing a con formation that they predicted is the most suitable for binding.
Many other systems have been developed with similar approaches, i.e. by homologous extension from a known protease-inhibitor com plex. Cohen and coworkers (12) designed a peptide inhibitor for a serine protease of the blood fluke Schistosoma mansoni. A model for the protease was built based on the known structure of porcine pancreatic elastase, and a substrate was designed based on the structure and bind ing mode of boronic acid inhibitor bound to a-lytic protease. Sumiya and coworkers (75) designed a specific inhibitor for cathepsin B, a lyso somal thiol protease. The structure of the protease was modeled based on the crystal structure of a papain-inhibitor complex (also a thiol pro tease). The authors then used molecular graphics to dock a known inhibitor to the model and, on the basis of chemical intuition, synthe sized 17 derivatives, one of which proved to be both potent and specific.
Similar studies have examined proteases of known structure, of which the best studied is the aspartic protease of HIV (for a review, see 87). The DOCK program (15) was applied to this enzyme to search through approximately 10 4 small molecules for potential inhibitors. An additional visual search among the 200 top-ranked compounds for prox ' �\ nity to the catalytic site, hydrogen-bonding capacity, and chemical : g vnthesizability resulted in a candidate inhibitor. Although the affinity ot-J the final compound is several orders of magnitude too low for clinical uSI, • this molecule can be used as a lead compound for the design of moh� potent inhibitors.
Ririr:�and coworkers (63) used the same techniques to design inhibi-tors against proteases crucial to the pathogenicity of the schistosome and malaria parasites, for which the structures are unknown. The two enzymes, a serine and a cysteine protease, were modeled based on the known structure of homologous proteins, and a database of approxi mately 55,000 compounds was searched for suitable' lead compounds. The compounds were ranked according to two target functions: the shape-complementarity function (15) and a simplified molecular-me chanics potential approximating the interaction energy between the protease and ligand. Both functions proved inadequate for choosing hig li : a f fl n ' i t y c ompounds, and potential lead comp ou nd s we re chosen based on visual inspection of the 2200 compounds with the best shape complementary and the 2200 with the best interaction energy. This study suggests that the efficacy of determining lead compounds may be sensitive to the accuracy of the proposed structure of the receptor when traditional methods and target functions are used.
Flexible-docking methods have been used only recently, Caflisch and coworkers (10) applied a fragment assembly method to dock a known peptide inhibitor to HIV protease. MCSS was used to find possible minima for functional groups corresponding to backbone and side-chain pieces and for the peptide constructed by connecting these fragments. With GroupBuild, Rotstein & Murcko (66) reconstructed a known in hibitor from a fragment used as a seed. Both studies obtained results in accord with crystallographic data, but the applicability of the meth ods to the design of novel inhibitors has yet to be demonstrated.
Peptide Binding to Major Histocompatibility Complex Receptors
As noted previously, attempts to dock peptides to class I MHC recep tors have clearly demonstrated the limitations of the currently available docking methods. Energy minimization (68), molecular-dynamics (64), and Monte Carlo (11) docking strategies failed dramatically to predict the bound conformation of antigenic peptides: In all cases the peptide, initially put in an a-helical conformation, remained helical throughout the calculations despite the fact that the native conformation is ex tended. Of the several crystal structures of class I-peptide complexes now available-of the same MHC haplotype with varying peptides and of varying haplotypes-all show a highly conserved hydrogen-bond network between the backbone of the terminal peptide residues and conserved side chains of the receptors. If the peptide termini are in highly favorable energy minima, one can assume that their optimal position and orientation when isolated from the rest of the peptide will significantly overlap their crystallographic position. This assumption forms the basis for two recent studies (65, 68) in which each of the terminal residues was initially docked in isolation and the conformation of the intervening chain was then calculated using a loop-closure algorithm. In the first study, the terminal residues were docked using a rigid-body grid search augmented by local energy min imization at energetically favorable grid positions; the second study utilized a mUltiple-copy (21 , 55) method to simultaneously minimize the energy of 20 residue copies that had random initial conformations and positions. Because the electrostatic interaction between the ligand (single-residue) backbone and the receptor is strong, both of these methods succeed in finding the ligand's optimal position. The side chain conformations, on the other hand, are harder to predict. In both methods, the predicted side-chain conformation depends strongly on the initial side-chain conformation and can be found only by testing a large number of starting conformations. The multiple-copy methods, which enhance sampling, address this problem well. In fact, we (R Rosenfeld, Q Zheng, S Vajda & C DeLisi, submitted) recently found the correct side-chain conformations using this method, having chosen as the target function the potential energy of the system augmented by a qualitative entropy-related term derived from the clustering of copies in a multiple-copy simulation (65, 89, 91) .
Although the use of loop closure algorithms in determining the con formation of the intervening residues has met with only limited success, largely because of the omission of water from the simulations, it never theless is of practical value. These calculations correctly predict the function of each of the peptide side chains (anchor vs T-cell epitope), as well as the overall orientation of the peptide, as measured by the hydrogen bonds between the peptide backbone and the receptor (R Rosenfeld, Q Zheng, S Vajda & C DeLisi, submitted). This information is important for the development of vaccine-design strategies. In con trast, the correct prediction of the atomic coordinates awaits further methodological development.
CONCLUSIONS
The number of available docking and design methods is exploding. Some of the fundamental ideas, such as shape descriptors (40) , grid based energy evaluation, and mapping of the binding site (26) , have been known for almost a decade. Nevertheless, essentially all general purpose docking and structure-based design programs, particularly those explicitly addressing ligand flexibility, have been published in the past four years-most in the past two years (82) . Clearly, the impor-tance of designing inhibitors for proteases, particularly the HIV pro tease, has substantially promoted the development of these programs and has focused efforts on the problem of ligand flexibility.
The recent and explosive developments in methodology have led to an interesting situation. On one hand, some of the most powerful meth ods available for flexible drug design are so new that they have been tested in only a few relatively simple problems. On the other hand, other research groups have not waited for such state-of-the-art technol ogies and have solved difficult drug-design problems using traditional tools such as rigid-body docking and visual inspection on the computer screen. As discussed above, these traditional tools have been success ful in the design of protease inhibitors, but the problem of docking peptide antigens in MHC receptors requires a genuine flexible method ology. The new programs are likely to result in improved inhibitors and ligands in both types of problems.
In spite of the spectacular rate at which computational tools are being deVeloped, additional work will be required to solve two major difficul ties. First, both docking and design as defined here lead to nondetermin istic polynomial (NP)-complete combinatorial problems. Solving such problems by any exact method presumably requires computing time that grows faster than any polynomial in N, the number of degrees of freedom. In practice, investigators avoid the combinatorial explosion by using criteria that retain only some top-scoring solutions at various steps of the algorithms. Thus, the final solutions are likely to be subopti mal rather than optimal. Second, a related and even more important problem is selecting a target function that estimates the binding free energy efficiently and with adequate accuracy. Recently developed em pirical models seem to satisfy these criteria when tested on complexes of rigid molecules with known structure, but these models have not yet been coupled with search algorithms. In particular, the success of such a procedure depends on the sensitivity of the calculated free energies to inevitable errors in the atomic coordinates. Hence, this sensitivity requires careful analysis. As we have discussed, the use of free energy as a target function can be easily extended to flexible ligands in docking problems, but design requires calculating the free energy of the un bound ligand, a problem that is substantially more difficult.
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